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The thermal stability of magnetic tunnel junctions with structures of Ta5 /Cu30 /Ta5 /
Ni79Fe215 / Ir22Mn7812 /Co62Fe20B184 /Al0.8-oxide/Co62Fe20B184 /Cu30 /Ta5 thick-
nesses unit in nanometers has been investigated. The tunnel magnetoresistance TMR shows a
large increase up to 54.4% after annealing at 265 °C due to the improved characteristic properties
of the barrier and the interface between the barrier and the ferromagnetic electrodes. The TMR was
observed to decrease drastically above the annealing temperature of 310 °C accompanied by a
notable increase of junction resistance and coercivity of the free layer. The amorphous Co62Fe20B18
layers seem to behave as a barrier of diffusion, preventing the migration of Mn or Cu atoms into the
interface between the barrier and the ferromagnetic layers. This may cause the drastic decrease of
TMR due to the deterioration of the barrier and its interface with Co62Fe20B18 layers. The observed
crystallization in the amorphous Co62Fe20B18 layers is considered to contribute to the increase in
coercivity of the free layer. © 2005 American Institute of Physics. DOI: 10.1063/1.2137888
I. INTRODUCTION
The tunnel magnetoresistance TMR effect has been ex-
tensively studied in the past decade for its promising appli-
cations in devices such as magnetic read heads and magnetic
random access memory MRAM.1–3 Recently, extraordinar-
ily large TMR has been achieved in magnetic tunnel junc-
tions MTJs using amorphous Co-Fe-B as the ferromagnetic
electrode.4–7 For application in MRAM, the thermal stability
of MTJs is very important because they have to withstand a
thermal process during assembling with other semiconductor
devices. Moreover, a high annealing temperature is also
needed to obtain a good crystalline structure, which is nec-
essary to achieve a larger value of TMR in Co-Fe-
B/MgO/Co-Fe-B MTJs. Therefore, it is significant to study
the stability of the MTJs with Co-Fe-B ferromagnetic elec-
trodes after annealing.
In this article, we report an investigation of the magne-
totransport properties of Ir-Mn/Co-Fe-B/Al-O/Co-Fe-B
MTJs after annealing. The magnetic properties and micro-
structure analyses were done using a vibrating sample mag-
netometer VSM, x-ray diffraction XRD, and high-
resolution transmission electron microscopy HRTEM.
II. EXPERIMENTAL METHODS
The MTJs with the layer structure of Ta5 /Cu30 /
Ta5 /Ni79Fe215 / Ir22Mn7812 /Co62Fe20B184 /Al0.8-
oxide/Co62Fe20B184 /Cu30 /Ta5 thickness unit in na-
nometers were deposited on the thermally oxidized Si wafer
using an ULVAC TMR R&D Magnetron Sputtering System
MPS-400-HC7. All the deposition processes were per-
formed at a base pressure better than 110−6 Pa and a low
Ar plasma sputtering pressure of 0.07 Pa without breaking
vacuum in any process. Also an in situ magnetic field of
about 100 Oe was applied in plane to define the uniaxial
magnetic anisotropy of the magnetic layers. The Al-O barrier
was formed by depositing an Al metallic layer of 0.8 nm and
subsequently oxidizing it using inductively coupled plasma
in a mixture of oxygen and argon at a pressure of 1.0 Pa. In
order to study the switching properties of the free layer, a
separate film stack with the structure of Ta5 /Al0.8-
O/Co62Fe20B184 /Ta5 stack A in Figs. 2a and 2c was
also deposited. MTJs with a junction area of 1020 m2
were patterned by photolithography combined with Ar ion
beam milling techniques.8 There are four blocks in each
sample with a size of 2525 mm2, and each block includes
nine junctions. All the microfabrication processes were per-
formed in a clean room. The MTJs were annealed in a
vacuum better than 110−4 Pa from 150 to 350 °C for 1 h
at each temperature. A magnetic field of about 1000 Oe was
applied along the easy direction of magnetization during the
annealing process.
The magnetotransport properties were measured using a
dc four-probe method in patterned MTJs at room temperature
RT. The moment versus magnetic field curves were mea-
sured on the unpatterned portions for the same MTJ film
using a VSM DMS MODEL 4 HF, ADE USA. The micro-
structure analyses were performed by HRTEM Philips
CM200-FEG, and XRD.
III. RESULTS AND DISCUSSION
Figure 1 shows typical TMR versus field curves within a
low applied field range between ±300 Oe at RT for the MTJ
with an Al layer oxidation time tox of 45 s at as-deposited
state a, after annealing at 265 °C b, and 350 °C c. The
TMR is defined as RAP-RP /RP, where RAP and RP are the
resistances for antiparallel AP and parallel P magnetiza-
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tion alignment of two ferromagnetic electrodes, respectively.
The TMR increases from 24.1% at the as-deposited state to
54.4% after annealing at 265 °C due to improved interface
characteristics properties and barrier homogenization,9 and
decreases to only 7.5% after annealing at 350 °C due to
strong interdiffusion at the interface. The resistance-area
product RS increases monotonically with increasing an-
nealing temperature from 150 to 265 °C.
It is noticeable that the coercivity HC of the free layer
evaluated from the junction resistance versus field shown in
the inset loop at the as-deposited state is much larger than
that after annealing at 265 °C, and increases obviously after
annealing at 350 °C. To understand this phenomenon, the
magnetization versus field curves of the same MTJ film stack
along with the “stack A” have been measured separately us-
ing VSM. The results are shown in Fig. 2. The HC of the free
layer evaluated from the magnetization versus field curves of
the MTJ stack in Fig. 2 show a similar trend of variation to
that of the junction resistance versus field curves in the insets
in Figs. 1a, 1b, and 1c. However, the HC of a separate
Co62Fe20B18 4 nm layer evaluated from the hysteresis loop
of “stack A” shown in the inset in Fig. 2a is only about 2
Oe, which suggests the larger HC about 15 Oe of the free
layer in the MTJs at the as-deposited state is derived from
the coupling interaction of the free layer and the pinned layer
possibly due to the rough interfaces between the barrier and
the ferromagnetic layers. And it distinctly decreases to about
5 Oe after annealing between 150 and 265 °C accompanied
by a large increase of TMR on account of the improvement
of characteristics properties of the barrier and its interfaces
with the ferromagnetic layers as shown in Fig. 4. The exis-
tence of the shift of the Co-Fe-B soft electrode loop after
annealing suggests that the coupling interaction between the
free layer and the pinned layer is still subsistent. The in-
creased HC of the separate Co62Fe20B18 4 nm layer shown
in the inset in Fig. 2c indicates that the enlarged HC of the
free layer of the MTJ after annealing at 350 °C is due to the
intrinsic properties of the Co62Fe20B18 film. The XRD pat-
terns for the Co62Fe20B18 100 nm film deposited on a ther-
mally oxidized silicon substrate after annealing at 265 and
350 °C are shown in Fig. 3. A peak at 45.14° that corre-
sponds to Co-Fe bcc 110 is observed in the XRD patterns
for this film after annealing at 350 °C, while no apparent
peak is found for the film after annealing at 265 °C. The
results of XRD imply that a notable crystallization occurs in
the Co62Fe20B18 film after annealing at 350 °C. It is consid-
ered to cause enlarged HC of Co62Fe20B18 film, and also the
enlarged HC of the free layer of the MTJ after annealing at
350 °C.
The improved pinning effect after annealing can also be
FIG. 1. TMR vs field curves for the MTJ with tox=45 s at the as-deposited
state a, and after annealing at 265 °C b and at 350 °C c. The insets
show the minor loops of resistance versus field for the same MTJ.
FIG. 2. Magnetization vs field curves for the same MTJ stack in Fig. 1 at the
as-deposited state a, and after annealing at 265 °C b and at 350 °C c.
The curves in the insets are for the “stack A.”
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seen clearly in Figs. 1 and 2. The loops of the pinned Ni-Fe
layer and the pinned Co-Fe-B layer can be distinguished
from the different bias fields. Both the magnetization of the
pinned and free Co-Fe-B layers is almost not changed after
annealing at 350 °C, as shown in Fig. 2, while the magneti-
zation of the pinned Ni-Fe layer visibly decreased, which is
attributed to the interdiffusion at the Ni-Fe/ Ir-Mn interface
with Mn moving into the Ni-Fe layer.10 That indicates the
amorphous Co-Fe-B layer acts as a barrier of diffusion,
blocking the migration of Mn or Cu into the Al-O barrier in
spite of its smaller observed crystallization after annealing at
350 °C.
Figure 4 shows the annealing temperature dependence of
TMR a, RP b, and HC c of the free layer for MTJs with
the oxidation time tox=45 s and tox=25 s, respectively.
Above 265 °C, the TMR for MTJs with tox=45 s decreases
more rapidly than that for tox=25 s with the increase of the
annealing temperature, while the RP of the former has a more
rapid increase. Moreover, the latter have a comparatively
higher TMR after annealing at 310 and 330 °C. The rapidly
increasing RP and the drastically decreasing TMR suggest
that an oxygen diffusion into the Co-Fe-B amorphous elec-
trodes occurs at the interfaces between the barrier and its
adjacent ferromagnetic layers. That implies the MTJs with
the shorter oxidation time have good high-temperature sta-
bility. It is consistent with the variation of effective barrier
width deduced from the current versus dc bias voltage curves
by fitting to Brinkman’s model.11 The effective barrier width
for the MTJ with tox=45 s is 8.2 Å at the as-deposited state
and 9.8 Å after annealing at 350 °C, respectively. The drastic
increase of HC of the free layer from the annealing tempera-
ture 310–350 °C suggests that the notable crystallization of
the Co-Fe-B layer starts in this range of annealing tempera-
ture.
Comparing with the MTJs based on the conventional
ferromagnet electrodes of Fe, Co, Ni, and their alloys on the
critical temperature TCT of thermal stability, such as
Co/Al2O3/Co TCT250 °C,12 Co75Fe25/Al-O/Co75Fe25
TCT300 °C,13,14 and CoFe/Al2O3/Ni81Fe19 TCT
300 °C, etc.,15 the amorphous Co-Fe-B/Al-O/Co-Fe-B
MTJs shows good thermal stability properties with a high
TMR ratio of around 50% at RT in a comparatively wide
annealing temperature range between 250 and 300 °C. Such
amorphous Co-Fe-B MTJs not only have the high TMR ratio
over 50% in this work or even up to 70% TMR ratio at RT,5
but they also possess low junction resistance and small co-
ercivity or small switching field. Therefore, the amorphous
Co-Fe-B/Al-O/Co-Fe-B MTJs can be fitted to the design
requirements well for developing the MRAM, TMR-read
heads, and other magnetic sensitive sensors.
FIG. 5. Cross-sectional TEM image at low magnification a and HRTEM
image b of the MTJ with tox=45 s after annealing at 265 °C.
FIG. 3. XRD patterns for Si/SiO2/Co62Fe20B18 100 nm after annealing at
265 °C and 350 °C.
FIG. 4. Dependence of TMR a, RP b, and HC c of the free layer for the
MTJs with tox=45 s and tox=25 s on the annealing temperature.
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Figure 5a shows the cross-sectional transmission elec-
tron microscopy TEM image at low magnification of lay-
ered MTJ structures with tox=45 s after annealing at 265 °C.
The waving barrier in clear white contrast is due to the un-
even thickness of the conductive Cu layer. The HRTEM im-
age in Fig. 5b shows the region of the alumina barrier and
its adjacent layers. It is visible that crystallization occurs
slightly in the amorphous Co-Fe-B ferromagnetic layers
from such a HRTEM image, therefore no distinct peak is
being observed in XRD patterns after annealing at 265 °C.
However, such slight crystallization can contribute to the
smaller increase of HC of the free layer as shown in Fig. 4c
due to an increase in magnetocrystalline anisotropy, and the
pinning nucleation in the amorphous Co-Fe-B ferromagnetic
layers appeared.
IV. CONCLUSIONS
The thermal stability of amorphous Ir-Mn/Co-Fe-B/
Al-O/Co-Fe-B MTJs has been investigated. The TMR in-
creases first after annealing, then drastically decreases from
the annealing temperature of 310 °C accompanied by a no-
table increase of junction resistance and coercivity of the free
layer. The increase in the coercivity of the free layer is at-
tributed to the observed crystallization in the amorphous
Co62Fe20B18 layers at the high annealing temperature. The
amorphous Co62Fe20B18 layers act as a barrier of diffusion,
preventing the migration of atoms of Mn or Cu into the
interface between the barrier and the ferromagnetic layers.
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